OBJECTIVES: The purpose of this analysis was to evaluate sex differences in the rate of visceral adipose tissue (VAT) and subcutaneous adipose tissue (SAT) accrual in adults. Secondary analyses examined differences in the rate of VAT and SAT accrual in premenopausal, perimenopausal and postmenopausal women. SUBJECTS/METHODS: Participants were 472 (60% female) non-Hispanic whites and aged 18-84 years at baseline in whom abdominal VAT and SAT were assessed using multiple-image magnetic resonance imaging at two time points, with an average follow-up of 7.3 ± 2.6 years. Linear regression models were used to examine the effects of sex, baseline age and their interaction on rate of change per year in body composition measures (ΔBMI, ΔVAT and ΔVAT/SAT ratio (ΔVSR)) independent of baseline body composition measures, visit year, income, marital status, physical activity, smoking and alcohol intake. Secondary analyses examined differences in the rate of fat change by menopausal status (premenopausal, perimenopausal, postmenopausal). RESULTS: Levels of body mass index (BMI), VAT and VSR all increased over the 7-year period on average (P o 0.001); however, the change in BMI (mean ΔBMI = +0.5%) was far smaller than for VAT (mean ΔVAT = +6.8%), SAT (mean ΔSAT = +2.4%) and VSR (mean ΔVSR = +3.6%). ΔBMI, ΔVAT and ΔSAT decreased linearly with age in both sexes (P o 0.01), such that older individuals had lower rates of BMI, VAT and SAT gain, and this deceleration in BMI, VAT and SAT accrual was greater in men than women (P for interaction o 0.05). ΔVSR did not vary with age in either sex but remained higher in men than women throughout adulthood. There were no differences in rate of weight or fat gain by menopausal status after adjustment for age. CONCLUSIONS: Men and women continue to accrue abdominal adiposity with age, but the rate of weight and fat gain decreases over time, particularly in men.
INTRODUCTION
Abdominal obesity is an established risk factor for metabolic and cardiovascular diseases. 1 Excess abdominal visceral adipose tissue (VAT), in particular, is associated with an increased risk of metabolic syndrome, diabetes, cardiovascular disease, hypertension and all-cause mortality, 2-7 independent of body mass index (BMI). Furthermore, the association between VAT and adverse health outcomes appears to be stronger in women than in men. 8, 9 Women generally have less VAT, greater subcutaneous adipose tissue (SAT) and a smaller VAT-to-SAT ratio (VSR) than men, thus presenting a more favorable risk profile. 10 However, VAT disproportionately increases with age in both men and women, [11] [12] [13] [14] [15] [16] thereby increasing the aforementioned health risks.
Studies have reported increases in VAT in women across the menopausal transition, [17] [18] [19] [20] [21] [22] suggesting that this is a sensitive period for women during which their adiposity profile becomes more similar to that of men. However, few studies have directly examined sex differences in VAT and SAT accrual across adulthood. Limited evidence suggests that the sexual dimorphism of age-related changes in fat distribution shrinks over time, with older women experiencing accelerated gains in VAT in comparison to younger women or similar-aged men, in concert with menopausal changes. 12, 23 Kotani et al. 12 examined age-related differences in VAT and SAT in a cross-sectional sample of 162 Japanese men and women aged 10-79 years. VAT accumulated slowly in women across premenopausal age groups, but VAT was 2.6 times greater in postmenopausal women as compared with premenopausal women, mimicking the strong age-related association seen in men. A more recent study by van der Leeuw et al. 23 also examined VAT and SAT across advancing age groups in premenopausal and postmenopausal women and similar-aged men from the Netherlands. Contrary to the findings by Kotani et al., 12 this crosssectional study reported that 10-year differences in VAT were smaller in postmenopausal women as compared with premenopausal women, and the authors concluded that menopause was not associated with accelerated VAT gains. However, this study also found that postmenopausal women had greater 10-year differences in VAT gain compared with similar-aged men, supporting the notion that the sexual dimorphism of age-related changes diminishes over time.
A major limitation of the existing literature examining sex differences in VAT accrual is the reliance on cross-sectional data, which may not provide an accurate picture of age-related changes for individuals owing to the potential for large cohort effects. A direct test of sex differences in the rate of abdominal adiposity accrual requires longitudinal VAT data, which have been largely lacking. Although sex differences in abdominal adiposity distribution and accrual represent a normal aspect of human biology, they have major implications for differences in the risk of chronic disease between men and women. 24 Given the current limitations in the exiting literature, and different cardiometabolic risks associated with VAT in men and women, there is a need for longitudinal studies to examine sex differences in the natural progression of abdominal obesity alterations over time.
Furthermore, it is important to compare changes in abdominal obesity with concurrent changes in BMI. Increases in abdominal adiposity with aging may occur independent of changes in body weight, as individuals lose lean body mass while experiencing gains in adipose tissue. 15 Therefore, BMI alone is likely failing to capture important adiposity changes with age. Growing evidence suggests that VAT and its alterations over time may be a better marker of cardiovascular and metabolic disease risk than BMI. 25, 26 However, few longitudinal studies have compared and contrasted changes in weight or BMI against corresponding changes in VAT or SAT in both men and women.
We address these important gaps in the literature by studying a large sample of men and women with BMI, VAT and SAT measures at two time points across a wide age range. The purpose of this analysis was to evaluate, using one of the largest data sets of longitudinal VAT and SAT data, sex differences in the rate of VAT and SAT accrual over adulthood. We also examined change in BMI over time to determine how this measure compared with changes in VAT and SAT. Given that existing evidence suggests the menopausal transition may influence changes in body fat composition and distribution, a secondary analysis examined differences in the rate of VAT and SAT accrual in premenopausal, perimenopausal and postmenopausal women. We hypothesized that the rate of VAT gain is greater in women than men, particularly in women after the menopausal transition, and that changes in BMI will not capture changes in adiposity distribution.
SUBJECTS AND METHODS

Study population
Participants in this study included those who had taken part in the Fels Longitudinal Study and ancillary studies conducted at the Lifespan Health Research Center (LHRC) at Wright State University (Dayton, OH, USA) from 2001 to 2014. The Fels Longitudinal Study is the longest running longitudinal study of growth, maturation and body composition. Magnetic resonance imaging (MRI) data collection at the LHRC first took place from 2001 to 2007 and included 804 participants as part of an ancillary study. In 2010-2014, MRI data collection became a regular part of the Fels Longitudinal Study protocol under a separate funding mechanism. Participants in the Fels Longitudinal Study follow specific visit schedules depending on age and sex; for participants aged ⩾ 18 years of age, visits occur every 2-5 years. Because of funding limitations and the need to adhere to the Fels Longitudinal Study visit schedule, only 453 of the original MRI participants were scheduled for additional MRI data collection. Seventy-nine other participants who did not have an initial MRI measurement were seen twice from 2010 to 2015. This resulted in a total of 532 non-Hispanic white participants aged 18-84 years who had at least two abdominal MRI measurements. Of the 532 participants with at least two MRI visits, 60 participants with reported chronic disease at baseline, including type 2 diabetes or cardiovascular disease (myocardial infarction, angina, arteriosclerosis, atherosclerosis, ischemia, congestive heart failure, valvular heart disease, peripheral artery disease, stroke or transient ischemic attack) were excluded, resulting in a final sample size of 472 participants (189 males, 283 females) for the present study. Participants were screened before each visit to verify that they were free of any contraindications for MRI. All participants provided written informed consent to participate in the study. The study was approved by the Institutional Review Board at Wright State University and the University of Minnesota.
Magnetic resonance imaging
Abdominal MRI was completed at the Good Samaritan Hospital Greater Dayton MRI Consortium and Kettering Health Network, using the same protocol described previously. 27, 28 Briefly, images were obtained every 1 cm from the ninth thoracic vertebra (T9) to the first sacral vertebra (S1).
A single trained observer segmented axial images onto VAT and SAT areas (cm 2 ) using the SLICE-O-MATIC image analysis software (version 4.2; Tomovision Inc., Montreal, Quebec, Canada). VAT and SAT areas were summed across all 24 images to obtain VAT and SAT volumes, which were then multiplied by the density of adipose tissue (0.9255 g cm − 3 ) to obtain total VAT mass (kg) and total SAT mass (kg). VAT mass was divided by SAT mass to obtain the VSR. Annualized rates of change were calculated as the difference of baseline and follow-up body composition measures divided by the time between baseline and follow-up in years (ΔBMI, ΔVAT, ΔSAT and ΔVSR). Percentage of change per year was calculated by dividing change variables by the corresponding baseline body composition measure and multiplying by 100 (%ΔBMI, %ΔVAT, %ΔSAT and %ΔVSR).
Menopausal status
Menopausal status was determined by questionnaire. Perimenopause was defined as having missed 3 consecutive menstrual periods, while menopause was determined as missing 412 consecutive months of missed periods or physician-diagnosed menopause or having bilateral oophorectomy/hysterectomy.
Anthropometric measures
All anthropometric variables followed a protocol specified by Lohman et al. 29 Participants were asked to wear light clothing during all exam measures. Weight was measured to the nearest 0.01 kg using a digital scale Seca (Chico, CA, USA). Height was measured to the nearest to the nearest 0.01 cm using a digital stadiometer (Seca). Waist circumference was measured to the nearest centimeter, immediately superior to the left iliac crest. Hip circumference was measured at the greater trochanters.
Covariates
For these analyses, information on study covariates was taken from the baseline visit. Sociodemographic variables included baseline age, sex, marital status (modeled into three groups: single; married or living with partner; separated, divorced or widowed), gross family income (categorized as o$35 000 per year, $35 000-o $75 000 per year or ⩾ $75 000 per year) and education (highest attained level of completed education, modeled into four groups: less than or equal to high school, some college, college graduate, or graduate degree). Self-reported health behaviors at baseline include current smoking status (yes or no), current alcohol use (yes or no) and current physical activity as measured by the Baecke sport activity index. 30 
Statistical analyses
Analyses were conducted using SAS (SAS Institute Inc., Cary, NC, USA), version 9.4. All continuous variables were examined for skewness and kurtosis. There were no outliers identified for any of the baseline variables (defined as ± 3 s.d. from mean), but because baseline BMI, VAT, SAT and VSR exhibited positive skewness and kurtosis these variables were transformed using the natural logarithm. Rate of change and percentage of change variables exhibited kurtosis, but natural logarithm, square root and inverse square root transformations did not substantially alter the distributions. After removal of outliers (N = 6-12 depending on variable, not dependent on age or sex), kurtosis was resolved and raw values were used for subsequent analyses.
Differences in baseline characteristics and the rate of change in body composition measures between men and women were examined using ttests or chi-square tests, as appropriate. Differences in body composition measures from baseline to follow-up were examined using paired t-tests (all P-values from two-sided tests). Linear regression was used to examine trends across age groups (18-o30 years, 30-o45 years, 45-o60 years and ⩾ 60 years) for baseline and rate of change in body composition measures. Linear regression was also used to examine the effects of sex, age and their interaction on ΔBMI, ΔVAT, ΔSAT and ΔVSR each. Baseline characteristics associated with the rate of fat change in bivariate analyses were then added to the model, including: baseline body composition measures, income, marital status, physical activity, smoking, and drinking. The covariates were not significant and did not improve the proportion of the variance explained in the tested models, with the exception of baseline BMI in the ΔBMI model and baseline SAT in the ΔSAT model; therefore only these two covariates were included in the final analyses. Visit year was added to the model to account for possible period effects. We did not adjust for height in the analyses as this variable remained constant within individuals from baseline to follow-up. Secondary analyses used linear regression to examine the effect of baseline menopausal status (premenopausal, perimenopausal and postmenopausal) on rate of change in body composition measures while controlling for baseline age. Given that longitudinal analyses have shown a decrease in BMI after age 70 years, 31 we conducted exploratory analyses to examine whether study findings were altered after excluding participants aged ⩾ 70 years at baseline (n = 37). Overall findings did not change, and therefore we present data using the entire sample.
RESULTS
Participant characteristics
Baseline participant characteristics are shown in Table 1 . Mean age at baseline was 45 years with an average follow-up time of 7.3 years ± 2.6 (range 1. 8-13.4) . Approximately 44% of the subjects were normal weight (38% men, 48% women), 32% overweight (41% men, 26% women) and 24% obese (21% men, 27% women). At baseline, 46% of women were premenopausal, 17% perimenopausal and 37% postmenopausal. Men had a significantly larger waist circumference, VAT, VSR and physical activity score and a smaller hip circumference and SAT mass compared with women.
Baseline BMI, VAT, SAT and VSR increased across advancing age groups (18-o30, 30-o 45, 45-o60 and ⩾ 60 years, see Table 2 ).
Compared with those who completed only one MRI measurement from 2001 to 2007 (n = 351), those who had multiple MRI visits from 2001 to 2015 were older at baseline (mean ages 41.8 and 45.1 years, respectively, P = 0.006) and had higher levels of education (66% and 78% completed some college, respectively, P = 0.003). Among the participants with multiple MRI visits, those with chronic disease at baseline who were excluded from analyses were older and had higher adiposity levels (all P o 0.04).
Comparison of changes in adiposity during adulthood As seen in Table 2 , there was an inverse linear trend across advancing age groups for ΔBMI, ΔVAT and ΔSAT (P o 0.001). There was no difference by age group for ΔVSR. Mean changes per year in body composition measures from baseline to follow-up by sex are shown in Table 3 . All body composition measures significantly increased over time for both men and women (P o 0.001). Men had significantly greater ΔVAT and ΔVSR as compared with women. There were no sex differences for ΔBMI or ΔSAT. Because the absolute increases in body composition measures per year Abbreviations: BMI, body mass index; GED, general education development; HS, high school; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue; VSR, visceral to subcutaneous adipose tissue ratio. a P-value for sex difference from independent-sample t-test. b Physical activity measured by the Baecke sport activity index. c P-value for sex difference from chi-square test.
Sex differences in abdominal adiposity accrual were relatively small, we also examined percentage of change to illustrate differences by outcome. On average, participants had a relative increase in BMI of 0.5% per year (%ΔBMI), compared with a 6.8% increase in VAT, 2.4% increase in SAT and 3.6% increase in VSR. Percentage of change in body composition measures did not significantly differ between men and women.
Sex and age differences in adiposity change
The main effect of sex was significant for ΔVAT (β = 0.06, P o0.001) and ΔVSR (β = 0.01, P o 0.001) only, with men experiencing greater changes in VAT and VSR than women (see Table 4 ). The main effect of age was significant for ΔBMI (β = − 0.05, P o 0.001), ΔVAT (β = − 0.01, P = 0.004) and ΔSAT (β = − 0.02, Po 0.001), with men and women experiencing slower rates of fat change with increased age. The main effect of age on ΔVSR was not significant. There was a significant interaction between sex and age for ΔBMI (β = − 0.08, P = 0.019), ΔVAT (β = − 0.03, P = 0.004) and ΔSAT (β = − 0.04, P = 0.030). With age, men experienced a greater decrease in the rate of BMI, VAT and SAT accrual as compared with women, as seen in Figure 1 . Of note, there does not appear to be a curvilinear relationship or age threshold after which changes in adiposity accelerate or change. 
Associations of body composition measures and menopausal status
In unadjusted models, menopausal status was associated with ΔBMI (t(276) = 1.75, P = 0.048) and ΔSAT (t(273) = 2.09, P = 0.013), with a progressive decrease in the rate of adiposity gain from premenopause to perimenopause to postmenopause. However, after controlling for age, the associations were attenuated. Menopausal status was not associated with ΔVAT or ΔVSR in unadjusted or age-adjusted models (see Table 5 ).
DISCUSSION
To our knowledge, this is the first longitudinal study that uses serial measures of VAT and SAT to focus on sex differences in the rate of abdominal adiposity change during adulthood. We found that, while both men and women experience increases in BMI, VAT and SAT with age, the rates of accrual diminish with age, particularly among men. We also found that menopausal status was not associated with the rate of VAT or SAT gain in women. The annual percentage of gain in both VAT (6.8%) and SAT (2.4%) far exceeded the observed percentage of increase in BMI (0.5%), thus demonstrating that BMI is insensitive to changes in abdominal adiposity over time. Shah et al. 25 also observed a small percentage of change in weight (0.3%) over a median 3.3 years of follow-up as compared with concomitant changes in VAT (7.1%) or SAT (5.8%) in an ethnically diverse sample of men and women aged 54-75 years from the Multi-Ethnic Study of Atherosclerosis.
We found that men experienced significantly greater ΔVAT and ΔVSR between the two measurement visits as compared with women. Several cross-sectional studies have also reported that the age-related increase in VAT is greater in males than in females. 12, 14, 32 Our findings extend the existing literature by using serial measures to examine the rate of change in body composition measures. When we examined the relative increase in percentage of fat (%ΔVAT and %ΔVSR), there were no differences between men and women. However, evidence suggests that the absolute quantity of VAT has a stronger association with cardiovascular disease risk factors than relative amounts. 22 Therefore, the finding that men gain absolutely more visceral fat than women has important clinical implications due to the known associations between VAT and cardiometabolic risk factors. [2] [3] [4] [5] [6] [7] Although men and women both experienced increases in VAT, SAT and VSR over the follow-up period, we found that the rate of fat gain decreased with age across participants. Interestingly, men experienced greater decreases in the rate of VAT and SAT accumulation over time, compared with women. In other words, we found that men are slowing down in their rate of fat gain to meet the rate of gain observed in women, while women maintain a more consistent (albeit decreasing) rate of fat change during adulthood. These findings are contrary to the highly cited work of Kotani et al., 12 who reported that the increase in VAT accelerated across age groups in postmenopausal women compared with premenopausal women, mirroring the VAT gains seen in men. The aforementioned study differs from ours in that it had a crosssectional study design, relatively small sample size that excluded normal-weight individuals and was limited to Asian participants, who have been shown to carry more abdominal fat than whites. 33 Furthermore, the acceleration of VAT gain found in their study, as compared with the deceleration found in our study, may be the result of their study reporting relative fat volume expressed as a percentage of a participant's total fat volume. Two more recent cross-sectional studies examining VAT changes across men and women from a wide age spectrum also report decelerations in VAT gains across advancing age groups. 23, 32 In secondary analyses, we found no difference in ΔBMI, ΔVAT, ΔSAT or ΔVSR between premenopausal, perimenopausal and postmenopausal women after controlling for age. Several other studies have also reported that the postmenopausal increase in VAT was not a result of menopause per se but rather caused by the effect of age, increased adiposity generally or reduced physical activity. [34] [35] [36] [37] [38] Multiple cross-sectional 20, 39, 40 and longitudinal studies [17] [18] [19] 41, 42 have reported an increase in central adiposity across the menopausal transition, but most of these studies examined average levels of abdominal fat, rather than rates of fat change, as examined in this study. Our study suggests that menopause is not a particularly sensitive period for adiposity accrual in women. Increases in VAT as well as SAT gradually decline with age in both men and women, with no differences in rates by menopausal status.
Although it is not clear why rate of fat gain decreases with age, gonadal hormones may in part explain why men and women experience different trajectories in the rate of fat change with age. It is well established that both estrogen and testosterone have a role in directing fat distribution in both sexes 12, 20, [43] [44] [45] ; however, the literature examining hormones and fat distribution have focused primarily on absolute levels of VAT or SAT, and little is known about the role of hormones in the rate of fat change. Future studies should explore the biological explanations for these gender differences. Faster decline in the rate of adiposity accrual with age in men may be part of the faster overall rate of biological senescence observed in men than in women. 46 These findings have important implications for cardiovascular disease risk. Although prior work has emphasized the greater absolute levels of abdominal adiposity in older adults, the rate of change in VAT is actually lower in older men and women as compared with younger men and women. Therefore, in order to maximize risk reduction there is a need for intervention in younger adults to minimize the rate of VAT gain. Exercise interventions have shown to be effective at reducing VAT mass in both men and women, independent of fat loss. [47] [48] [49] This is a promising approach to limiting VAT gain in both younger and older adults that should be further explored.
Our study has several strengths and limitations that should be noted. Our findings extend the existing literature by examining adiposity changes in men and women across a wide age range using serial VAT and SAT data. Additionally, we had a relatively large sample size and used multiple-slice MRI images to quantify VAT and SAT volume over the entire abdominal region. Prior work commonly used single-slice computerized tomography (CT) scans or MRI images between the fourth and fifth lumbar vertebrae, but growing evidence suggests this single-slice method is not ideal and does not account for sex differences in VAT deposition. 50 Finally, the average length of follow-up in this study was longer than other studies in the literature with serial VAT measures. 17, 19, 25, 51 A limitation of the present study is that the sample was limited to non-Hispanic white men and women, which restricts the generalizability of findings to other races and ethnicities. Evidence suggests there are racial/ethnic differences in body fat distribution; 15, 22, 33 therefore there is a need for future studies with diverse samples of men and women to examine changes in abdominal adiposity over time. Additionally, as a result of complexities in the study design, there was variation in length of follow-up. However, to account for this variation we examined annualized rates of change in our analyses. Due to the wide age range in our sample, it is possible that cohort effects may in part explain the age trends observed in rate of adiposity accrual. Specifically, we observed a greater rate of abdominal fat deposition in younger individuals as compared with older individuals; however, when these younger individuals age they may not exhibit the same trends as observed in the older individuals in this study. A longer length of follow-up would be necessary to fully disentangle true aging effects from cohort effects.
It is also important to note that our models explained a small proportion of the variance in adiposity accrual. We attempted to control for factors that may influence adiposity accrual in our analyses, including baseline body composition measures, physical activity, smoking and alcohol consumption status, as well as income and marital status. However, these covariates failed to improve the proportion of the variance explained in adiposity accrual. This is possibly in part due to measurement error. For example, physical activity was assessed using a self-reported questionnaire and is therefore subject to recall and social desirability bias. We also assessed whether participants were smokers or drinkers, but did not account for smoking frequency or the quantity of alcohol intake, therefore providing an incomplete picture of smoking and drinking behaviors. We did not have data on dietary intake, and unmeasured genetic or hormonal factors may explain the additional variance in adiposity accrual. Future research is needed to further examine the predictors of abdominal adiposity accrual.
In summary, men and women continue to accrue abdominal adiposity with age, but the rate of adiposity gain decreases over time, with men experiencing steeper declines in the rate of fat gain as compared with women. Therefore, our findings suggest that the sexual dimorphism in fat distribution does indeed become smaller with age. However, this is because men begin to experience fat gains more similar to women, rather than women experiencing accelerated fat gains with age. Future work will examine sex differences in the cardiometabolic impact of changing VAT accrual during adulthood, to identify sensitive periods of the life course when interventions are most likely to improve health.
